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Executive Summary 
Background 
Methane (CH4) emissions from ruminants are responsible for approximately 50% of the greenhouse gas 
(GHG) emissions associated with agriculture in Scotland. Reducing the emissions intensity (EI; the amount of 
GHG emitted per unit of meat or milk produced) of ruminants is, therefore, key to reducing agricultural 
emissions in Scotland.   
Scottish Government commissioned ClimateXChange to carry out a rapid evidence assessment for the 
effectiveness of probiotics, nitrates and high fat diets in addressing enteric fermentation as a source of GHG 
emissions. 
Key findings 
• Three of the twelve nutritional strategies evaluated showed convincing evidence for efficacy in 
reducing enteric CH4 emissions – lipids, nitrate and 3-nitro-oxypropanol (3NOP). Of these three, 
increasing the lipid content of diets is the most immediately applicable. 
• The potential reduction in CH4 emissions achievable ranged from 11 to 21 % when reductions were 
expressed per unit feed intake (CH4 yield). 
• Barriers to uptake of these strategies were identified 
o difficulties in administration to grazing animals,  
o likely requirement for two strategies to be approved under EU Feed Additives legislation  
• The effects on the GHG emissions associated with the production and transport of feeds were small, 
as was the impact of the strategies on indicative daily diet cost. 
Discussion 
This report delivers a rapid evidence assessment of the potential contribution that can be made towards 
reducing enteric CH4 emissions from Scottish animal agriculture by manipulating the diet. This assessment 
provides an analysis of the available evidence for reduction in enteric CH4 emissions by twelve candidate 
nutritional strategies. Evidence was based on a quantitative analysis of the published literature over a 10-
year period to update the conclusions of an authoritative FAO report. Three strategies were identified as 
possessing the necessary evidence base for more detailed investigation of their suitability for use under 
Scottish conditions. This assessment was supplemented by estimating the impact upon diet cost of using 
these strategies and upon GHG emissions associated with production of materials.  
Overall, the evidence suggests that reductions in CH4 yield of approximately 10% (lipids) and 20% (nitrate or 
3NOP) were possible. Reductions in CH4 EI (milk or meat) achieved through the implementation of these 
strategies would be similar as animal performance was largely unaffected by the strategies. However, the 
overall benefit of these strategies would be diluted because of difficulties in implementation in grazing cattle 
and sheep.  
Implementation of each of the three effective strategies is faced with difficulties. 3NOP is still under 
development and requires registration as a zootechnical feed additive under European Union legislation. The 
same is likely true for nitrate; in addition, there is a requirement for nitrate to be added gradually and 
carefully to the diet to minimize the ever present risk of nitrate toxicity. For lipids, there is an upper limit to 
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dietary inclusion (70 g total lipid /kg feed dry matter, DM) which limits mitigation potential. The 10% 
reduction in CH4 yield above is that obtained by increasing lipid up to 70 g/kg DM from a baseline 
concentration of 30 g lipid / kg DM. When lipid is supplied from by-product feeds, the maximum dietary 
inclusion is also limited by the need to avoid feeding excess protein. 
The benefits of nutritional approaches must be weighed against other approaches which reduce EI by 
improving animal performance. 
Approach 
We identified recent evidence (10 years) for the use of nutritional mitigation strategies and assessed the 
efficacy of twelve strategies using as a baseline the conclusions of an authoritative FAO report. Three 
strategies with proven efficacy were selected for further examination. Efficacy was demonstrated by 
consistent reductions in CH4 yield across a range of diet types including long term studies which assessed 
animal performance. The practicalities with implementing lipids, nitrates and 3NOP in Scottish agriculture 
were then addressed. The issues addressed were (i) availability of materials and mitigation potential 
(together with uncertainty), (ii) the cost implications of incorporating materials into typical dairy and beef 
diets, (iii) problems associated with on-farm feeding and (iv) GHG emissions associated with production of 
materials. 
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1. Introduction and Background  
Cattle and sheep consume cellulosic non-human edible food sources such as grazed grass and produce, in 
milk and meat, sources of protein of high nutritional quality. However, this comes at a cost. Ruminant 
production produces GHGs primarily CH4 and so cattle and sheep contribute significantly to the carbon 
footprint of farming. The Climate Change (Scotland) Act 2009 sets ambitious emission reduction targets for 
Scotland, requiring all sectors, including agriculture, to reduce GHG emissions to mitigate anthropogenic 
climate change.  
1.1 Methane emissions from livestock 
In 2014, agriculture was responsible for 10.7 Mt CO2e or 17% of Scotland’s total GHG emissions (Scotland 
Greenhouse Gas Emissions 2014). Nearly half of GHG emissions were attributed to CH4 (4.7 Mt CO2e or 44%) 
The major proportion of CH4 was derived from enteric fermentation. Non-dairy cattle contributed the 
greatest share (Figure 1). Reducing CH4 emissions from enteric fermentation is therefore key to reducing 
agricultural emissions in Scotland. 
 
 
Figure 1. Enteric CH4 emissions by livestock classes:  Scotland, 2014 (Mt CO2e) 
The reticulo-rumen contains a large population of microbes which ferment feed (Figure 2) to CH4 and volatile 
fatty acids (VFA). The VFA are absorbed from the rumen and provide the main energy source for the animal.  
 
Figure 2. Rumen metabolism 
The formation of CH4 is a two stage process (Figure 3) in which the primary fermentation of feed by bacteria, 
protozoa and fungi to VFA produces not CH4 but hydrogen. The archaea then synthesise CH4 from hydrogen. 
0 0.5 1 1.5 2 2.5 3
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Methane formation is necessary in order to prevent hydrogen accumulation which otherwise would inhibit 
the fermentation process. 
 
Figure 3 Two stage process of CH4 formation 
Because the formation of CH4 is a two-stage process, several opportunities exist for modifying the process to 
reduce CH4 emissions. 
• Changing the composition of the diet to reduce hydrogen formation.  
• Inhibiting or manipulating the microbial community to reduce hydrogen formation 
• Utilising hydrogen by alternative pathways to CH4 formation. 
• Inhibiting archaea or the synthesis of CH4 by archaea. 
As between 2 and 12% of the energy consumed by ruminants is converted to CH4 and therefore lost to the 
animal, there has been a long standing interest in reducing CH4 emissions (Johnson & Johnson, 1995). In 
1980 (Czerkawski, 1986), the annual cost of feed lost as CH4 was estimated to be £300 - £350 million in the 
UK. Because of a lack of comprehensive, science-based, information on existing GHG mitigation practices for 
livestock, FAO commissioned a review of current knowledge which was published in 2013 (Hristov et al. 
2013). Most of the studies cited are now more than 5 years old and the conclusions require updating.  
This report aims to deliver a rapid evidence assessment of the practical feasibility of widespread on-farm use 
of nutritional strategies for reducing GHG in Scotland. The assessment aims to update the conclusions from 
the FAO report and to provide an analysis of the practicability of implementing strategies on-farm. The FAO 
report highlighted specific issues, relevant to the current exercise: 
• There are very few long term studies that have examined the persistency of CH4 mitigation practices 
• The importance of the metric used to quantify CH4 emissions with EI per unit animal product preferred 
• Uncertainty / variation should be considered in quantifying the effect of mitigation practices. 
• The challenge of implementing mitigation strategies in extensive livestock systems. 
2. Methodologies  
The authors searched the published literature for the 10 year period 2007 – 2016 to capture all recent 
studies. Keywords were set wide (methane and rumen) which resulted in 1913 citations. Irrelevant material 
and studies which only considered laboratory (in vitro) conditions were rejected and only studies which 
measured CH4 by accepted methodologies retained giving 156 relevant studies. In only 60% of studies was 
some form of animal performance response reported. Therefore, CH4 emissions expressed per unit feed 
intake (g/kg DM intake (DMI)), CH4 yield, was the metric adopting for reporting the effectiveness of 
mitigation strategies; the effects of strategies upon EI were qualitatively assessed by considering the effect 
of strategies on animal performance.  
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In assessing whether there was an evidence base for individual strategies, the classification of strategies and 
conclusions of the FAO were adopted as a starting point. The strategies are classified in Annex 1 together 
with an updated conclusion upon the efficacy of each strategy. For strategies for which there was sound 
evidence for efficacy, a more detailed assessment of the practical implementation of each strategy, using 
published and grey literature was carried out. Detailed information for all strategies is presented in Annex 2. 
The costs of producing diets which included each strategy were explored using FeedByte to formulate 
rations for dairy cows and growing and finishing beef cattle (Annex 3). Finally the GHG and wider 
environmental implications of the individual strategies were estimated (Annex 4).  
3. Results 
The assessment of mitigation strategies with proven effectiveness and issues relating to practical 
implementation are summarized in Table 1 and a summary of all other strategies given in Table 2.  
 
The conclusions of the FAO report were generally confirmed as there was good evidence of efficacy for only 
lipids and nitrates. However, 3NOP, a novel compound, for which there was consistent evidence of 
reductions in CH4 emissions, was also considered. Other strategies including essential oils, saponins and 
tannins reduced CH4 in laboratory / in vitro studies but were not effective in vivo. Results from in vitro 
studies cannot frequently be replicated in vivo because of (a) adaptation by the rumen microbial population 
to the active compounds and (b) the dose rates used in vitro were not practicable in vivo. In addition 
compounds such as monensin are not permitted for use in the EU. Therefore a detailed summary is given for 
nitrate, lipids and 3NOP (Table 1). 
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Table 1. Summary of CH4 mitigation strategies with evidence-base for efficacy. 
Strategy Inclusion 
method 
Inclusion rate  Mitigation potential† 
(%; DMI base)  
Grazing‡ Feed 
additive* 
Diet Cost Emissions 
intensity of 
feed 
production 
Limitations to use 
  (/kg diet DM) Mean 95% 
confidence 
  % Change†† % Change**  
Lipid Protected fat < 70 g total lipid 11 8-14 X N -3 to +6 0 Reduction in fibre 
digestion and feed intake 
if more than 70 g/kg DM 
diet with adverse 
consequences for 
performance 
Lipid Whole oilseed < 70 g total lipid 11 8-14 X N -1 to +2 +2 
Lipid By-product  < 70 g total lipid 11 8-14 X N -5 to 0 -8 
Nitrate Nitrate Up to  20 g 21 18-23 X Y? -1 to -4 0 Risk of toxicity if fed 
inappropriately 
3-NOP 3-nitro 
oxypropanol 
Up to 0.2 g 21 13-29 √? Y NA NA No evidence of toxicity to 
date 
†Mean values from studies reviewed irrespective of inclusion rate; inclusion rate dependant; for lipid mean value is that achieved by increasing lipid from a 
baseline concentration of 30 g /kg DM to 70 g/ kg DM. 
‡Likelihood of adoption with grazing animals: X, difficult to adopt; √, could be adopted. 
*Classified as feed additive under EU legislation 
†† Change relative to standard diet (range; see Annex 3) 
** Emissions associated with production of feed (Change relative to baseline diet; kg CO2e / kg DM basis); see Annex 4 
NA: not applicable 
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Table 2  Summary of CH4 mitigation strategies with no consistent evidence for efficacy. 
Strategy Material / compound Hristov et al. (2013) conclusion Updated Additional comment 
Inhibitor Bromochloromethane Might be effective but ozone-
depleting compound  
Not considered   
Electron receptor Fumaric acid May reduce CH4 production when 
applied in large quantities 
Most results indicate no mitigating 
effect 
Conclusion confirmed   
Electron receptor Sulphate May reduce CH4 production; may 
be toxic 
No recent studies  
Ionophore Monensin May reduce CH4 per unit feed 
intake through increased 
efficiency. Effect variable 
Conclusion confirmed Banned in EU 
Plant bioactive 
compounds 
Tannins May reduce CH4 but no long term 
studies 
Recent long term 
studies; variable 
results 
Several different tannin sources 
used: responses may be source 
specific 
Plant bioactive 
compounds 
Saponins Tea saponins seem to have 
potential to reduce CH4 
No response or 
evidence for long 
term efficacy 
 
Plant bioactive 
compounds 
Essential oils Most essential oils do not reduce 
CH4 production and long-term 
effects not established 
No effect; no long 
term studies 
Several different plant sources used: 
responses may be source specific.  
Exogenous enzymes Cellulases Inconsistencies in data; cannot be 
recommended 
Limited evidence; 
conclusion confirmed  
 
Direct fed microbials 
(inoculants) 
 Insufficient evidence for direct 
mitigating effect of microbials 
Conclusion 
confirmed; no long 
term studies 
Several different microbial species 
used: responses may be source 
specific 
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Effective strategies – Lipid 
Mode of action: Multi-factorial. The fatty acid component of lipids is not fermented in the 
rumen. Therefore increasing dietary lipid reduces carbohydrate available for fermentation 
and hence CH4 production. Lipids also inhibit rumen micro-organisms and coat fibre 
preventing digestion. Bio-hydrogenation of unsaturated fatty acids diverts hydrogen from 
CH4 formation.  
FAO recommendation: “Our conclusion is that lipids are effective in reducing enteric CH4 
emissions, but the feasibility of this mitigation practice depends on its cost-effectiveness and 
potential effects on feed intake (negative), productivity (negative) and milk fat content in 
lactating animals (positive or negative). High-oil by-product feeds such as distiller’s grains, 
and meals from the biodiesel industry can serve as cost-effective sources of lipids with 
potential CH4 supressing effect. Their mitigating potential, however, has not been well-
established and in some cases CH4 production may increase due to increased fibre intake.” 
This was confirmed in recent studies that used feeds relevant to Scottish agriculture 
Material: All common feeding stuffs contain lipids and thus typical diets contain 30 – 40 g 
lipid / kg diet DM. Feeds used to increase dietary lipid content can be grouped as oils 
(usually from oilseeds), protected fats, whole oilseeds or by-products of either oil extraction 
or starch extraction and / or fermentation  
Practical implementation:  Oils extracted from oilseeds are intended to enter the human 
food chain; these should not be considered as strategies to mitigate CH4 emissions. Rumen-
protected fat products (mainly derived from palm oil) are available and can reduce CH4 
emissions by decreasing carbohydrate available for fermentation; these are established 
products which increase the energy density of the diet and are targeted mainly at dairy 
cows. Entire oilseeds can be fed but require treatment to crush/ crack oilseed to release 
lipid; oil destined for human consumption will be diverted into animal feed. By-products 
such as distiller’s dark grains are established feeds which contain higher lipid contents. Their 
usefulness is limited as these feeds contain substantially lower lipid contents than intact 
oilseeds and there is also a need to avoid excessive protein intakes.  
Potential reduction in CH4 emissions: Mean reduction in percentage terms for the recent 
studies was 11.2% (95% confidence intervals 8-14). The wide confidence interval reflects the 
range of materials used and therefore the practically possible inclusion levels (Annex 3). 
Studies where lipid was increased to greater than 70 g/kg DM were excluded. 
Health & welfare implications: Excess dietary lipid has adverse effects upon rumen fibre 
digestion, feed intake and potentially animal performance. Inclusion of lipid should be 
limited to a maximum of 70 g/kg DM.  
Other climate change impacts: If formulation guidelines are observed to avoid inclusion of 
excess dietary protein in diets, then important climate change impacts are unlikely. 
GHG emissions etc. associated with production of material:  Inclusion of lipid sources in 
diets has little effect on emissions intensity associated with producing diets (EIF) on a DM 
basis but reduces EIF on a DE basis (see Annex 4). 
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Impact on feed costs:  Source dependant but for indicative diets, costs ranged from 96 to 
106% of reference diets (Annex 3). 
Likely impact Because of the amounts that need to be fed to achieve mitigation, lipids 
cannot easily be applied to grazing animals. Overall the mitigating effect will be limited by 
the necessity to impose an upper limit on inclusion. However, rumen-protected lipid sources 
and by-products are recognized feeding stuffs. 
 
Effective strategies – Nitrate 
Mode of action: Nitrate is an electron acceptor. Nitrate is reduced progressively to nitrite 
and ammonia by rumen micro-organisms. The reduction of nitrate to ammonia consumes 
hydrogen which would otherwise be used for CH4 formation.  
FAO recommendation: “Overall, nitrates may be promising enteric CH4 mitigation agents. 
When nitrates are used, it is critically important that the animals are properly adapted to 
avoid nitrite toxicity. More in vivo studies are needed to fully understand the impact of 
nitrate supplementation on whole-farm GHG emissions (animal, manure storage and 
manure-amended soil), animal production and animal health”. Recent evidence confirms 
that nitrate is an effective and consistent means of reducing CH4 emissions. 
Material: Nitrate has been fed in research studies as a calcium ammonium nitrate salt (from 
fertilizer).  
Practical implementation: The main practical barrier to use of nitrate is the risk of nitrate 
toxicity. Critically, animals must be adapted to feeding nitrate by gradually increasing the 
amount of nitrate fed. Rapid consumption of large amounts of nitrate should be avoided. 
Use of nitrate requires thorough mixing of nitrate with and dilution by other feed 
constituents. This is probably only achievable by the use of total mixed rations or by 
inclusion of nitrate in pelleted compound feeds. Nitrate should replace other protein 
sources in the diet to avoid excess excretion of nitrogen in manure.  
Health & welfare implications: The main practical issue is nitrate toxicity, particularly in 
animals not or incorrectly adapted to nitrate (Lee & Beauchemin, 2014). Acute symptoms of 
nitrate toxicity are anoxia leading to death. Subacute or chronic effects are reported to 
include retarded growth, lowered milk production and increased susceptibility to infection. 
Diagnosis is by measurement of met-haemoglobin (met-Hb) status of blood. Although, most 
studies have reported no adverse effects of feeding nitrate, individual animals do display 
elevated (but sub-toxic) concentrations of met-Hb. In some experiments animals have had to 
be removed from trials because of toxicity. The risks associated with (a) inadvertent 
inclusion of excess nitrate in feeds and (b) access of unadapted animals to nitrate-containing 
feed are significant. 
Potential reduction in CH4 emissions: In recent studies a mean reduction of 21% (95% 
confidence interval, 18% -23%) was achieved in CH4 yield (g/kg DMI) for a mean dose of 21 g 
nitrate / kg diet DM.  
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Impact on feed costs:  Source dependant but for indicative diets, costs range from 96 to 99% 
of reference diets (Annex 3). 
Likely impact: At present, nitrate cannot be recommended to reduce CH4 emissions because 
of (a) the risks of nitrate toxicity; (b) it is not feasible to administer nitrate to grazing animals 
and (c) nitrate is likely to be classified as a feed additive under EU Regulations. Development 
of products which ensure slow release of nitrate in the rumen may reduce the risks of nitrate 
toxicity (Pegoraro & Araujo 2012). 
 
Effective strategies   3-nitro oxypropanol (3NOP) 
Mode of action: 3NOP is a structural analogue of methyl-coenzyme M which specifically 
inhibits methyl-coenzyme M reductase, the final step of CH4 synthesis by archaea (Duin et al. 
2016).  
FAO recommendation: 3NOP is still under development as a product and there were no 
published reports available when the FAO study was produced. In all reports published since 
then using 3NOP there have been significant reductions in CH4 emissions. There have been 
no reported adverse effects on performance (live-weight gain, feed conversion efficiency, 
milk yield, milk quality). 
Material: The compound is one of a family of synthetic compounds which have been 
patented (Duval & Kindermann 2012) for their ability to inhibit CH4 production  
Practical implementation: Optimum dose rates are yet to be established but median dose 
reported was 106 mg/kg diet DM (approximately 1 (beef cattle) to 2 (dairy cows) g/day). The 
patent states that (a) the product could be supplied as a premix for incorporation into diets 
on farm or (b) a bolus delivered into the rumen to release 3NOP over an extended time 
period and therefore compatible with the grazing situation. Recent information from the 
manufacturers states that optimum dose rates are established as 60 mg / kg feed for dairy 
cattle and between 100 and 200 mg / kg feed for beef cattle, depending on the diet. 
Potential reduction in CH4 yield: Reduction in CH4 for a dose of less than or equal to 111 mg 
3NOP/ kg diet DM was 21% but with a large degree of uncertainty (95% confidence interval, 
13 – 29%) due to the variation in dose and method of administering 3NOP. Recent 
information from the manufacturers states that the method for administering 3NOP would 
appear to be critical and they currently recommend addition to a total mixed ration to 
ensure coupling of feed intake to intake of inhibitor. When this is applied, at the 
recommended dose of 60 mg/kg for dairy cattle, the potential decrease in CH4 production 
due to 3NOP is 30%. 
Health & welfare implications: Toxicological studies are being carried out currently to 
support an application for registration of 3NOP as a feed additive under EU regulations. 
Impact on feed costs: Not known – product still under development. 
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Likely impact: Product still under development and only likely to be available in medium 
term (approximately 3 years). However 3NOP has potential to be applicable to both grazing 
and housed livestock. 
4. Discussion 
This rapid evidence assessment which has built on the FAO report of 2013 indicates that for 
nutritional methods of reducing enteric CH4 emissions, the overall picture has little changed. 
Inclusion of nitrate in the diet or increased dietary lipid were the only strategies for which 
there was convincing evidence of efficacy. The main difference since 2013 has been the 
increasing body of evidence for the efficacy of 3NOP. 
Key questions are related to the practical feasibility of widespread on-farm use of these 
options. For use to be truly widespread then this must include the grazing animal. The daily 
intakes of lipid and nitrate required for effective mitigation are not compatible with the use 
of slow release intra-ruminal boluses. Equally, since the intake of nitrates and lipids must be 
controlled to avoid adverse effects, then the use of feed blocks is also not an option as 
individual animal intakes from blocks can vary widely. Further in the case of nitrate, grazed 
grass can contain high concentrations of nitrate and the additive effects of nitrate from 
grazed and administered nitrate are likely to make issues relating to nitrate toxicity worse. 
3NOP has the potential to be administered as a bolus because daily intakes are likely to be 1-
2 g for cattle. Thus the mitigation strategies which have proven efficacy do not currently 
provide a route by which CH4 emissions from grazing can be reduced. 
Nitrate was the most consistent and quantitatively effective strategy for reducing CH4 
emissions. However, first, nitrate is not an accepted feed ingredient and so is likely to be 
classed as a feed additive under EU Regulations and so cannot be legally included in animal 
feeds at present. Although it is likely that protocols can be established to minimize risks of 
nitrate toxicity, the adverse consequences of isolated occurrences of misuse of nitrate for 
animal health are high and thus the risk to acceptance of mitigation strategies by the 
agricultural industry considerable. For these reasons, currently nitrate should not be 
recommended as a practical mitigation strategy. Since 3NOP is currently only at the 
development stage as a product, until its characteristics are better defined and approval for 
use as a feed additive obtained then of the three nutritional options only increasing the lipid 
content of the diet is currently viable. 
Three types of feed have been used as sources of lipid (Table 3). The maximum inclusion for 
any in the diet is limited by the need to keep lipid below 70 g/kg DM to avoid adverse effects 
on digestion. There is also the need to avoid feeding excess protein and potentially 
exchanging enteric CH4 emissions for manure GHG emissions. The main source of distiller’s 
dark grains with solubles (DDGS) in the UK is from bio-ethanol plants which use wheat as the 
main feedstock. Barley DDGS are mainly produced as a by-product of the whisky industry 
and while small amounts of maize DDGS are produced in Scotland, most is imported. The 
amounts of DDGS which can be fed are limited by the low lipid to protein ratio in these feeds 
and the need to avoid over-feeding protein.  
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Table 3.  Characteristics of lipid-containing feeds (g/kg DM) 
Feed CP Lipid Lipid to CP ratio 
Protected fat 0 850 NA 
Crushed rapeseed 215 485 2.2 
DDGS    
    Maize 310 108 0.35 
    Barley 265 85 0.32 
    Wheat 340 70 0.21 
 
The above discussion and indeed the entire document have to date considered each 
mitigation strategy as independent. In fact, limited evidence from SRUC and other studies 
(Klop et al. 2016) does support the conclusion that the responses obtained by combining 
individual mitigation strategies are additive. Therefore, risks associated with individual 
strategies may be reduced by combining lower inclusion rates of individual strategies. 
In general, studies measuring enteric CH4 emissions have focussed on CH4 emissions per se 
and have not identified consequences for (a) animal performance or (b) other sources of 
GHG, most importantly manure emissions. This explains why CH4 emissions have been 
expressed as CH4 yields (per kg DMI) and not as an EI. However, the effects of mitigation 
strategies on animal performance were recorded where available. Overall, for the three 
selected strategies, albeit with limited evidence in some cases, the effects of these strategies 
on animal performance have been neutral. Thus reductions in CH4 yield are likely to be a 
good proxy for EI. Diets in Annex 3 were formulated to be iso-nitrogenous when nitrate and 
protein-containing lipid sources were included so that any changes in manure nitrogen 
output were minimized. For nitrate where nitrogen excretion has been measured, there was 
no evidence for increased excretion. In particular, nitrate excretion was only a small 
proportion of nitrate intake (Lee et al. 2015) and there were no increases in nitrate in animal 
tissues including meat. 
In addressing the remit of this evidence assessment, it is apparent that only a few strategies 
have both a sound evidence base and are immediately applicable particularly in the grazing 
situation. Hristov et al (2013) in compiling the FAO report classified mitigation strategies 
under three headings: enteric CH4, manure management and animal husbandry. Animal 
husbandry included animal genetics, feeding, reproduction and health. The impact of animal 
disease and manure management on GHG emissions are subjects of other rapid evidence 
assessments (Skuce et al., 2016). Genetic selection of animals with lower CH4 emissions is 
feasible but is a longer term solution.  Selection for improved feed efficiency whether the 
output is milk or meat is possible now and will lead to a reduction in EI. Improved fertility 
can lead to a reduction in EI, for example, through reductions in the number of replacement 
animals required to maintain herd/flock size and / or the number of days an individual 
female is non-productive (neither pregnant or lactating). In both cases, improvements in 
fertility reduce the number of days when CH4 emissions are produced from feed used solely 
to maintain the animal. 
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Other possible nutritional strategies which may lead to reductions in EI are:  
• Increasing the proportion of concentrate in the diet. On Scottish diets, a high-
concentrate (90% concentrate) reduces enteric CH4 yield to 0.67 of that from a diet 
containing 50% concentrates (Troy et al. 2015). Responses to increased concentrate 
feeding are variable and care must be taken that more digestible organic matter is not 
excreted in faeces (starch) thus increasing GHG emissions from manure. 
• Increasing forage quality (through increased digestibility) can increase animal 
performance and thereby reduce EI by reducing for example the days taken to finish 
cattle and CH4 emissions assigned to the maintenance function over the entire finishing 
period. Improving grazing management to increase the nutritive value of grass on offer 
will have similar effects. 
• Increasing the proportion of maize silage in a grass silage based-diet can reduce 
emissions (Hammond et al. 2015) through a combination of increased performance and 
reduced CH4 yield. However, the effect of whole-crop silages in this context is less clear. 
There is some evidence that replacing grass silage with legume silage may also reduce EI. 
• Precision feeding and assessment of livestock can reduce EI by more accurate matching 
individual animal requirements to feed supply (e.g. by more frequent and accurate 
analysis of forage quality), by identification of animals with sub-clinical disease states, 
and identification of animals at the optimum time for slaughter. 
 
Many of the above strategies which improve animal productivity have the potential for win-
win situations, both improving profitability and reducing EI. 
 
5. Policy implications  
When considering whether strategies should be implemented and in what order, several 
factors come in to play: the economic impact of strategies; likelihood of uptake; risks and 
barriers associated with each strategy and overall effectiveness of each strategy. Of the 12 
strategies originally considered, 9 have not been discussed in detail as there was no good 
evidence for efficacy. Further, some strategies were not considered here as they were either 
known ozone-depleting agents, not permitted in the EU, or the materials tested were 
heterogeneous and so there was no evidence for specific materials (e.g. essential oils and 
garlic). 
Considering the three strategies which were examined in detail, there are barriers to uptake 
for two of them given their likely status under EU Regulations. Both 3NOP and probably 
nitrate are classified as feed additives and therefore require successful submission of 
dossiers to gain acceptance as permitted feed additives. In the case of 3NOP, this process is 
underway but likely to take several years. The status of nitrate is unknown but since it is a 
generic material, then it is unlikely that a feed manufacturer will take on the financial 
burden of gaining approval; it is more likely that a differentiated product with specific 
properties may be submitted for approval. 
The likelihood of uptake by farmers must also be considered. If mitigation strategies have no 
production (economic) benefit and are not mandatory or supported by government then 
uptake is unlikely. Lipids are the most likely to be favourably viewed as lipid-containing feeds 
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are currently used in practice as long as they can be economically substituted for other feeds 
(e.g. DDGS for rapeseed meal) or there is a possible production benefit (protected fats in 
dairy cows). 
A further consideration is the risk associated with the strategies. This is a particular concern 
with nitrate. Although it is likely that the risks associated with nitrate toxicity can be 
minimized by gradual introduction of nitrate to the diet, there is the risk that an isolated 
misuse of nitrate and consequent animal deaths will have an adverse effect on acceptance 
of policy out of proportion to the actual event. 
The overall benefits in reducing GHG emissions from use of nutritional strategies need to be 
considered. The difficulties in using nutritional strategies in the grazing situation have been 
noted and therefore any reduction in CH4 emissions achieved by animals receiving the 
strategy will be diluted by grazing animals not receiving the strategy. The benefit of 
nutritional strategies must therefore be ranked against other strategies which may have 
win-win benefits (improvement in profitability and reduction in GHG) which are applicable 
across the production spectrum. 
6. Recommendations 
• Discuss implementation of mitigation strategies with industry stakeholders. 
• Assess the net benefit of strategies in relation to availability of feed resources and 
the livestock sectors and systems in which strategies could be implemented. 
• Consider in more detail the extent to which emissions swapping may occur with 
strategies 
• Appraise the cost-benefit of nutritional mitigation strategies against other strategies 
such as improvements in animal health and fertility.  
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Annex 1: Updated nutritional mitigation strategies as classified by FAO 
(Hristov et al. 2013) updated  
Strategy FAO 
(2013) 
This 
project 
Updated conclusion Annex 2 
1.0 Inhibitors     
  1.1 Bromochloromethane Y N Bromochloromethane might be an effective inhibitor 
but as an ozone-depleting compound, it is not 
considered here. 
N 
  1.2 Nitro oxypropanol N Y Novel inhibitor of CH4 production by archaea with clear 
evidence of efficacy.  
2.1 
2.0 Electron receptors     
  2.1 Nitrate Y Y Nitrates are promising mitigation agents: confirmed in 
this project. Critically important animals are properly 
adapted to avoid nitrate toxicity at high inclusion rates 
2.2 
  2.2 Fumaric acid Y Y Fumaric acid may reduce CH4 production when applied 
in large quantities, but most results indicate no 
mitigating effect; confirmed in this project. 
2.3 
  2.3 Sulphate Y N May reduce CH4 production but no recent studies and 
evidence for efficacy sparse; may be toxic  
N 
3.0 Ionophores     
  3.1 Monensin Y Y May reduce CH4 yield through increased efficiency but 
effect variable; confirmed in recent studies. Banned in 
EU 
2.4 
4.0 Plant bioactive 
compounds 
    
  4.1 Tannins Y Y Tannins may reduce CH4 but no long term studies. 
Recent studies have included long term studies but 
variable results and range of different tannins used 
preclude recommendation 
2.5 
..4.2 Saponins Y Y Tea saponins seem to have potential to reduce CH4. 
Recent studies indicate no response nor any evidence 
for long term efficacy 
2.6 
  4.3 Essential oils Y y Most essential oils do not reduce CH4 production and 
long-term effects not established. Recent studies show 
no effect of essential oils 
2.7 
     
5.0 Dietary lipids Y Y Lipids are effective in reducing enteric CH4 emission, 
but the feasibility of use depends on cost-effectiveness 
and potential effects on feed intake and productivity. 
Confirmed in this project which focussed on Scotland 
relevant lipid sources 
2.8 
     
6.0 Exogenous enzymes Y N Inconsistencies in data mean that exogenous enzymes 
cannot be recommended. Limited evidence in this 
project confirms conclusion 
N 
     
7.0 Direct fed microbials 
(inoculants) 
Y Y Insufficient evidence for a direct mitigating effect of 
yeast and other microbials. Recent studies have not 
increased evidence base and no long term studies 
2.9 
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Annex 2: Strategy specific evidence 
For each of the mitigation strategies listed in Annex 1, the expert opinions reported by the 
FAO (Hristov et al. 2013) were re-examined and updated from published studies from the 
period 2006 – 2016 to ensure overlap with the 900 references reviewed in the FAO study. 
The studies identified were subjected to quality control to ensure relevance, adequacy of 
study design and that an appropriate method of measuring CH4 was used. 
For each strategy listed in Annex 1 and evaluated by FAO, only those where additional 
information was available are described in more detail in Annex 2. Thus, 
bromochloromethane, sulphate and exogenous enzymes were excluded. The exception is 
3NOP which has been introduced since the FAO report and is included in Annex 2. 
Information was compiled for all strategies on: 
- Description of material and mode of action. 
- Summary of FAO recommendation. 
- Brief description of recent evidence 
- Conclusion concerning efficacy and likely utility on Scottish farms 
- References 
For those strategies for which there was good evidence for efficacy more detailed 
information was included on: 
- Any health and welfare implications of employing the strategy 
- Practical issues of implementing strategy on Scottish farms 
- An estimate of the likely reduction in CH4 emissions achievable in practice. 
- Consequence of employing strategy for other GHG gases and environmental concerns. 
- GHG emissions and environmental considerations associated with the production of 
material. 
- Implications for diet costs of implementing strategies on farm. A list of references used 
as evidence is provided for each strategy. 
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2.1 3NOP (3-nitro oxypropanol)  
Material: The compound is one of a family of synthetic compounds which have been 
patented for their ability to inhibit CH4 synthesis. 
Mode of action: 3NOP is a structural analogue of methyl-coenzyme M which specifically 
inhibits methyl-coenzyme M reductase, the final step of methanogenesis (Duin et al. 2016)) 
FAO recommendation: 3NOP is still under development as a product and there were no 
published reports available when the FAO study was published. 
Recent evidence: There have been 7 published reports using 3-NOP in the last 3 years. The 
product has been fed at different dosages to sheep, dairy and beef cattle in a range of 
production systems. The studies include extended feeding periods (over 200 days) and 
production responses have been measured. 
Efficacy: There have been significant reductions in CH4 emissions in every study reported. At 
higher dose rates there is some evidence of reduced feed intake and diet digestibility in 
some studies. There have been no reported adverse effects on performance (live-weight 
gain, feed conversion efficiency, milk yield, milk quality). 
Health & welfare implications: Toxicological studies are being carried out currently to 
support an application for registration of 3NOP as a feed additive under EU regulations. 
Practical implementation: The optimum dose rates are yet to be established but the median 
dose in studies reported was 106 mg/kg diet DM. Therefore, the product could be supplied 
as a premix for incorporation into diets on farm. The daily dose is small enough that it may 
be practicable to administer the compound as a bolus into the rumen to release 3NOP over 
an extended time period and therefore compatible with the grazing situation. Current view 
of the manufacturers is that optimum dose rates will be 60 mg / kg in feed for dairy cows 
and 100 – 200 mg / kg diet for beef cattle 
Potential reduction in CH4 emissions: The mean reduction in published studies where 3NOP 
has been administered at 111 mg / kg diet DM or less was 21% but with a large degree of 
uncertainty (95% confidence interval, 13 – 29%) due to the variation in dose and method of 
administering 3NOP. Current view of the manufacturers is that the method for 
administration would appear to be critical and they currently recommend dosing of a total 
mixed ration to ensure coupling of feed intake to intake of CH4 inhibitor. When this is 
applied, at the recommended dose of 60 mg/kg for dairy cattle, the decrease in CH4 
production due to 3NOP would be 30%. Extreme diets, such as finishing diets for beef cattle 
(composed mainly of cereals, with little fibre) seem to influence the response to 3NOP 
supplementation and large variations have been observed for various doses, ranging from 10 
to 80% CH4 reduction.   
Other climate change impacts: Not known. 
GHG emissions associated with production of material: Not known 
Impact on feed costs: Not known – product still under development. 
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2.2 Nitrate  
Material: Nitrates are present as sodium, ammonium or calcium inorganic salts in fertilizers. 
In assessment of their potential to reduce CH4 emissions, a fertiliser (Calcinit) in which 
nitrate is presented as a calcium ammonium nitrate has most commonly used as the nitrate 
source.  
Mode of action:  Nitrate is an electron acceptor. Nitrate is reduced progressively to nitrite 
and ammonia by rumen micro-organisms that possess the necessary enzymes. The reduction 
of nitrate to ammonia consumes hydrogen and yields more energy than reduction of carbon 
dioxide to CH4. Thus hydrogen is utilized for nitrate reduction rather than for CH4 formation. 
If nitrate reduction is complete, then for 1 mole nitrate (62 g) fed there is a reduction of 1 
mole (16 g) in CH4 emissions. 
NO3 + 4H2                                      NH4 + 2H2O 
CO2 + 4H2                                      CH4 + 2H2O 
FAO recommendation:  “Overall, nitrates may be promising enteric CH4 mitigation agents. 
When nitrates are used, it is critically important that the animals are properly adapted to 
avoid nitrite toxicity. More in vivo studies are needed to fully understand the impact of 
nitrate supplementation on whole-farm GHG emissions (animal, manure storage and 
manure-amended soil), animal production and animal health”. 
Recent evidence:  A large number of studies (18) have been reported. The studies were 
diverse including sheep and dairy and beef cattle fed a range of forages for periods lasting 
from 28 to more than 90 days. Production responses were reported in 8 (of 18) studies.  
Efficacy: In all but two studies there was a significant reduction in CH4 emissions quantified 
as g/kg DMI. In only one study (albeit under Scottish conditions) was there an adverse effect 
on animal performance. Therefore nitrate is confirmed as an effective and consistent means 
of reducing CH4 emissions. 
Health & welfare implications: The main practical issue is nitrate toxicity, particularly in 
animals not or incorrectly adapted to nitrate. Nitrite, an intermediate product in the 
reduction of nitrate to ammonia can accumulate in the rumen because the rate of nitrate 
reduction is faster than that of nitrite reduction. The nitrite is then absorbed into the 
bloodstream and converts haemoglobin to met-haemoglobin (Met-Hb). Met-Hb cannot 
transport oxygen and thus acute symptoms of nitrate toxicity are anoxia leading to death. 
Subacute or chronic effects are reported to include retarded growth, lowered milk 
production and increased susceptibility to infection. Most studies have reported no adverse 
effects of feeding nitrate although individual animals display elevated (but sub-toxic) 
concentrations of Met-Hb. In experience from SRUC research, these elevated Met-Hb 
concentrations were animal-specific and persisted for at least 10 weeks. In some 
experiments animals have had to be removed from trials because of toxicity although this 
has not been encountered in SRUC trials. 
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Practical implementation:  
There are few studies which have used grass and cereal silages as the main forages. 
However, the studies which best reflected Scottish conditions were broadly in line with the 
above conclusion about efficacy and mitigation potential. The main practical barrier to use 
of nitrate is the risk of nitrate toxicity. Critically, animals must be adapted by gradually 
increasing the amounts of nitrate fed. Rapid consumption of large amounts of nitrate should 
be avoided. Importantly, there is no standard protocol for adapting animals to nitrate. 
Nitrate must be thoroughly mixed and diluted by other feed constituents. This is probably 
best achieved by the use of total mixed rations or by inclusion of nitrate in pelleted 
compound feeds. The risks associated with (a) inadvertent inclusion of excess nitrate in 
feeds and (b) access of unadapted animals to nitrate-containing feed are high. Nitrate has 
been ineffective when included in intensive finishing beef diets and should not be used this 
situation. 
Potential reduction in CH4 emissions: Over all in recent studies a mean reduction of 21% 
(95% confidence interval, 18% -23%) was achieved in CH4 yield (g/kg DMI) for a mean dose of 
21 g nitrate / kg diet DM.  
Other climate change impacts: The mean reduction in CH4 (above, 21%) is equivalent to 75% 
of the nitrate fed being reduced to ammonia. Concerns are that the 25% of nitrate not 
accounted for may be excreted in urine and potentially contribute to nitrous oxide 
production from manure. In studies where nitrogen excretion has been measured there is no 
evidence for excretion of significant quantities of nitrate or overall increases in nitrogen 
excretion. However, as the reduction of nitrate to ammonia is a component of both the 
dissimilatory and assimilatory routes of nitrate metabolism, then nitrogen gas and nitrous 
oxide are possible products of nitrate reduction in the rumen. Nitrous oxide production has 
been rarely measured but in one study in which nitrate was fed, nitrous oxide was produced 
in the rumen and the GHG benefits of nitrate feeding were reduced by 15% when nitrous 
oxide was accounted for. 
GHG emissions etc. associated with production of material: Relative to a baseline diet, 
emissions associated with diets including nitrate were similar.  
Impact on feed costs:  Source dependant but for indicative diets, costs ranged from 96 to 
99% of reference diets (Annex 3). 
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2.3 Fumaric acid 
Material: Fumaric acid is an organic acid and is an intermediate product of the Krebs cycle (a 
biochemical reaction which occurs in aerobic organisms and generates energy from 
carbohydrates, lipids and proteins). 
Mode of action: Fumarate is an electron acceptor. Fumarate is reduced by hydrogen in the 
rumen to produce succinate; succinate is then converted to propionate which is a good 
energy source for the animal. Thus hydrogen is utilized for fumaric acid reduction rather 
than for CH4 formation. If fumarate reduction is complete, then for one mole fumaric acid 
(116 g) fed there is a reduction of one mole (16 g) in CH4 emissions. 
FAO recommendation: “Fumaric (and malic acids) may reduce CH4 production when applied 
in large quantities, but most results indicate no mitigating effect. The long-term effects of 
these compounds have not been established and cost is likely to prohibit their applicability.” 
Recent evidence: Five recent studies have been reported. The studies included sheep, beef 
cattle and goats fed on a variety of forages for periods lasting from 21 to 56 days. Production 
responses were reported in two of these five studies. 
Efficacy and likely utility on Scottish farms: There was a significant reduction in CH4 
emissions in only two of the five recent studies, one of which used large quantities of 
fumaric acid. Overall, the FAO recommendation is supported and at levels of inclusion where 
effective, the cost of fumaric acid as a feed additive precludes use. 
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2.4  Monensin 
Material: Monensin is an ionophore antibiotic. These are naturally occurring, lipid soluble 
substances which are products of microbial fermentation. 
Mode of action:  Monensin acts to change the end products of fermentation of certain 
ruminal microbes. It does this by favouring the production of propionate, a preferential 
energy source, over acetate. While hydrogen is produced in the formation of acetate, it is 
consumed in the formation of propionate and so a reduction in the formation of acetate 
could lead to a reduction in CH4 emissions.  
FAO recommendation: “Our conclusion is that ionophores, through their effect on feed 
efficiency and reduction in CH4 per unit of feed, would likely have a moderate CH4 mitigating 
effect in ruminants fed high grain or mixed grain-forage diets. The effect is dose-, feed 
intake-, and diet composition dependent. The effect is less consistent in ruminants that are 
mainly fed pasture.” 
Recent evidence:  There have been 8 recent studies reported. These studies were all 
conducted on cattle fed a variety of forages for periods lasting from 26 to 200 days. 
Production response was measured in 6 of these studies. 
Efficacy and likely utility on Scottish farms: In 2 of these studies there was a significant 
reduction in CH4 yield (g/kg DMI). The result was dose dependant. A further study had a 
significant absolute reduction but DMI was not measured. These recent studies do not 
disagree with the FAO recommendation. Monensin is currently banned for use in the EU. 
Potential reduction in CH4 emissions: Over all in recent studies a mean reduction of 7% 
(95% confidence interval, 0.8 – 14.4%) was achieved in CH4 yield (g/kg DMI) for a mean dose 
of 0.03 g monensin /kg diet DM. 
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2.5 Tannins 
Material: Tannins are natural phenolic compounds found in plants. Plants which contain 
higher tannin contents have lower nutritional value. Tannins can be added to the diet by 
inclusion of the plant as a forage or as a plant extract. 
Mode of action: Tannins bind with proteins in the rumen thus reducing the utilisation of 
protein by microbes. Hydrolysable tannins tend to act by directly inhibiting rumen 
methanogens, while the effect of condensed tannins on rumen CH4 production is more 
through inhibition of fibre digestion.  
FAO recommendation: “In conclusion, hydrolysable and condensed tannins are plant 
bioactive components that may offer an opportunity to reduce enteric CH4 production, 
although intake and animal production may be compromised. The agronomic characteristics 
of tanniferous forages must be considered when they are discussed as a GHG mitigation 
option” 
Recent evidence: There have been five recent studies where sheep and goats have been 
supplemented with tannins. These included feeding tannin rich forages or tannin extracts for 
periods lasting from 19 to 190 days. Production response was only measured in two of these 
studies. 
Efficacy and likely utility on Scottish farms: A significant reduction in CH4 yield (g/kg DMI) 
was observed in only one study where the tannin source was a tropical legume. Therefore, 
there is no recent evidence to support the use of tannins especially as a variety of tannin 
sources were tested.  Mean reduction in CH4 (g/kg DMI) was 8% but very variable (95% 
confidence interval, 0.2% to 25%). In addition, supplementation with tannins may impair 
protein utilization, reducing animal performance.  
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2.6 Saponins 
Material: Saponins are natural compounds found in plants. Saponins have a detergent like 
quality. 
Mode of action:  Saponins selectively bind with the cell membranes of ruminal protozoa 
causing cell death. Methanogenic archaea have a close relationship with ruminal protozoa 
and so suppression of protozoa by saponins may lead to a reduction in CH4 production. 
FAO recommendation: “Tea saponins seem to have potential, but more and long-term 
studies are required before they could be recommended for use..” 
Recent evidence:  There have been only two recent studies using cattle supplemented with 
tea saponin and fed hay-based diets for periods lasting from 10 to 35 days. Production 
responses were not measured in either of these studies. 
Efficacy and likely utility on Scottish farms: No significant reductions in CH4 emissions were 
observed in either of the recent studies. The FAO recommendation remains valid especially 
as tea saponins would be imported. 
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2.7 Essential Oils 
Material: Essential oils are natural compounds found in plants. 
Mode of action: Essential oils possess anti-microbial properties. The exact mode of action 
varies between different essential oils but includes disruption of cell membranes and 
inactivation of microbial enzymes. The modes of action described reduce either the total 
microbial population in the rumen or the activity of the microbial population thus reducing 
the production of CH4. 
FAO recommendation: “Most essential oils or their active ingredients do not reduce CH4 
production and, when CH4 production was reduced in vivo, their long-tem effects were not 
established.” 
Recent evidence:  There have been 6 recent studies on cattle and sheep fed a variety of 
different forages supplemented with a variety of essential oils. These studies lasted only 
from 21 to 28 days. Production response was measured in three of these studies. 
Efficacy and likely utility on Scottish farms: No significant reductions in CH4 emissions were 
observed in any of the recent studies and therefore the above conclusion is supported 
especially as essential oil sources used were derived from a variety of plant sources.  
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2.8 Dietary lipid  
Material: All commonly used feeding-stuffs contain lipid and diets typically contain 30 – 40 g 
lipid /kg diet DM. Feeds commonly used to increase dietary lipid content can be grouped as 
extracted oils (usually from oilseeds), oilseeds (with or without some processing) or by-
products of either oil extraction (which contain residual oil) or starch extraction and / or 
fermentation (in which endogenous lipid is concentrated). 
Mode of action: Lipids reduce CH4 emissions in a multi-factorial manner. The fatty acid 
components of lipids are not fermented in the rumen and therefore increasing dietary fat 
content reduces carbohydrates available for fermentation and hence CH4 production. Lipids 
also have a direct inhibitory effect on rumen micro-organisms and an indirect effect as lipids 
coat fibre and physically preventing digestion. Finally bio-hydrogenation of unsaturated fatty 
acids consumes hydrogen and diverts hydrogen from CH4 formation. The above mechanisms 
are listed in descending order of importance.  
FAO recommendation:  “Our conclusion is that lipids are effective in reducing enteric CH4 
emission, but the feasibility of this mitigation practice depends on its cost-effectiveness and 
potential effects on feed intake (negative), productivity (negative) and milk fat content in 
lactating animals (positive or negative). High-oil by-product feeds such as distiller’s grains, 
and meals from the biodiesel industry can serve as cost-effective sources of lipids with 
potential CH4 supressing effect. Their mitigating potential, however, has not been well-
established and in some cases CH4 production may increase due to increased fibre intake.” 
Recent evidence: One third (53 of 156) of recent studies tested lipid as a mitigating strategy. 
Of these, 23 focussed on feeds that were relevant to Scotland and the UK. These feeds were 
derived from linseed or rapeseed or by-products of the distilling or bio-ethanol industries. 
The increases in lipid concentration of the diet achieved were greatest for oils and protected 
fat products, followed by oilseeds and least for by-products, recognizing the lipid 
concentration in each of these classes.  There was more evidence for linseed- than for 
rapeseed-based materials and for maize DDGS than wheat DDGS.  Approximately half the 
studies reported some aspect of animal production. 
Efficacy: The efficacy of lipid in reducing CH4 yield using feed sources relevant to Scottish 
agriculture is confirmed although reductions were not always statistically significant. In 
specific cases where high concentrate diets were fed, increases in emissions were observed. 
Health & welfare implications: If excess lipid is included in the diet, it has long been 
recognized that adverse effects upon rumen fibre digestion and feed intake and thus on 
performance are likely. Thus in the recent studies, the inclusion of lipid was limited to a 
maximum of 70 g/kg DM. Reductions in intake and performance were observed in studies 
where lipid intake was greater than 70 g/kg DM. It should be noted that as the lipid content 
of the diet increases, so does the energy concentration of the diet, there are examples 
where DMI is reduced but animal performance is maintained or even increased. 
Practical implementation: This is dependant on feeds used as sources of lipid. 
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1. As oils extracted from oilseeds such as rapeseed are intended to enter the human food 
chain then these oils should not be considered as suitable feeds to mitigate CH4 
emissions.  
2. There are specific products in which dietary fat is protected from rumen metabolism for 
example by treatment with calcium. Feeding these products can reduce CH4 emissions 
by decreasing the amount of carbohydrate available for fermentation in the rumen but 
do so without directly inhibiting the rumen microflora. The primary purpose of 
protected-fat products has been to increase the energy density of the diet thereby 
increasing energy intake and consequently milk yield in dairy cows. Products are based 
on imported palm oil.  
3. Rapeseed treated to disrupt the seed coat and release oil in the rumen: crushed or 
cracked rapeseed.  All mechanisms of CH4reduction noted above are likely with crushed 
/ cracked rapeseed. However, practical difficulties are availability of equipment to 
process seed on farm and the risk of rancidity in the crushed / cracked product. Use of 
intact oilseeds diverts oil away from the human food chain. 
4. By-products. Extraction of oil by mechanically treating oilseeds yields a by-product with 
greater oil concentration (130 g/kg DM) than conventional solvent extracted oilseed 
meals. Until recently, quantities produced have been small in relation to conventional 
solvent extracted oilseed meals; however larger quantities are likely to become 
available.  DDGS are a long standing by product of the whisky distillation industry. More 
recently, the establishment of bio-ethanol plants has made available large quantities of 
wheat DDGS. However, the lipid content of DDGS is determined by base cereal, ranking 
(from high to low), maize, barley and wheat. Maize DDGs has an oil content of >100 g/kg 
DM and is most practicable to reduce CH4 emissions but most is imported into the UK. In 
general, DDGS have been shown to be effective in reducing CH4 emissions but this is 
dependant on the basal diet fed. Where DDGS replaces starch (cereals) in the diet, 
increased fibre intake from DDGS can lead to increased emissions.  
Potential reduction in CH4 emissions: Previous meta-analyses of the literature have 
produced relationships relating increases in oil content to reduction in CH4. The simplest 
relationship states that for every 10 g /kg DM increase in dietary lipid, CH4 yield is decreased 
by 1 g/kg DMI. More complex is the relationship: CH4 yield (g/kg DM intake) = Exp (3.15 – 
0.0035 x dietary lipid (g/kg DM)). In recent studies increasing the dietary lipid content from 
30 to 70 g/kg DM would reduce CH4 emissions by 4 and 2.8 g / kg DM intake if calculated by 
the above two methods. This compares with the mean observed value of 2.8 g / kg DM 
observed (95% confidence interval 1.9 – 3.7). Therefore the simple rule of 1 g reduction in 
CH4 / kg DMI for every 10 g increment in dietary lipid may be preferred. The mean reduction 
in percentage terms for the recent studies was 11.2 (95% confidence intervals 8-14) when 
total dietary lipid was less than 70 g/kg DM. The wide confidence interval reflects the range 
of materials used and therefore the practically possible inclusion levels. 
Other climate change impacts: If formulation guidelines are observed to avoid inclusion of 
excess dietary protein in diets, then there are unlikely to be important climate change 
impacts.  
GHG emissions associated with production of material: Relative to a baseline diet, 
emissions associated with diets including protected fat were on a DM basis (kg CO2e/kg DM) 
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were no different (protected fat); increased by 2% (crushed rapeseed) or decreased by 8% 
(maize DDGS). 
Impact on feed costs:  Source dependant but for indicative diets, costs ranged from 96 to 
106% of reference diets (Annex 3). 
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2.9 Direct-fed microbials 
Material: Direct-fed microbials are cultured yeast colonies or strains of bacteria commonly 
found in the rumen which divert resources away from the production of CH4, or increase 
competition for hydrogen in the rumen.  
Mode of action:  Direct-fed yeast products mop up oxygen in the rumen creating a more 
anaerobic environment. Anaerobic conditions are more favourable for the rumen microbial 
population and so their increased populations due to the introduction of direct-fed yeast 
should lead to increased digestive efficiency and therefore decreased CH4 emissions. A 
further mode of action involves the introduction of Propionibacterium species. 
Propionibacterium favour the production of propionate (a favoured energy source), which 
competes for hydrogen against CH4 formation.  
FAO recommendation: “there is insufficient evidence of the direct enteric CH4 mitigating 
effect of yeast and other direct-fed microbials. However, yeasts appear to stabilize pH and 
promote rumen function, especially in dairy cattle, resulting in small but relatively consistent 
responses in animal productivity and feed efficiency, which might moderately decrease CH4 
emission intensity.” 
Recent evidence: There have been 7 recent studies where sheep and cattle have been 
supplemented with a variety of different microbial products for periods lasting from 21 to 56 
days. Forages were either silage (grass or barley) or grass hay. Production response was 
measured in three of these studies. 
Efficacy and likely utility on Scottish farms: Significant reductions in CH4 emissions 
(quantified as g/kg DMI) were observed in only 2 of 7 studies. There were no adverse effects 
on animal performance. Overall in recent studies a mean reduction of 7.1% (95% confidence 
interval, 6.5% to 11.7%) was achieved in CH4 yield (g/kg DMI). However, as microbial 
preparations were added directly to the rumen, there is still insufficient evidence for direct 
fed microbials in practical conditions. 
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Annex 3: Costs associated with use of nitrate and lipids 
Using the SRUC nutritional software, FeedByte, diets were formulated for dairy cows and 
growing and finishing beef cattle. Baseline diets were formulated with no mitigation 
strategies and daily cost of the diet calculated. It must be emphasised that the costs shown 
below are only indicative as changes in costs on the commodities market, actual 
performance targets for livestock and quality of forage available on individual farms will 
heavily influence actual costs on any individual farm unit. 
 
Nitrate 
Livestock class Inclusion Level 
(g/kg DM) 
Cost (£/day) Change (%) 
Dairy cow -  3.44  
 + 20 3.31 -3.8 
Growing cattle -  0.93  
 + 20 0.92 -1.1 
Finishing cattle -  1.08  
 + 20 1.07 -1.0 
 
Because nitrate (as Calcinit) replaced protein (soya-bean meal for dairy and rapeseed meal 
for beef cattle), there was a small decrease (2.0%) in diet costs. 
 
Protected fat  
Livestock class Inclusion Level 
(g/kg DM) 
Cost (£/day) Change (%) 
Dairy cow - 32 3.44  
 + 52 3.33 -3.2 
Growing cattle - 39 0.93  
 + 69 0.97 +4.0 
Finishing cattle - 39 1.06  
 + 74 1.12 +5.6 
 
While the cost of the diet reduced when protected fat (as Megalac) was added to dairy 
cows, it increased with growing cattle. This reflects the greater inclusion rate in beef cattle 
and in relation to other diet constituents, that lipid sources were relatively a more expensive 
ingredient for beef cattle diets. However, the energy content of the diet (MJ Metabolisable 
Energy / kg DM) was increased by 0.1 (dairy) and 0.3 (beef) when protected fat was included 
which partially offsets increased diet costs. 
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Crushed rapeseed 
Livestock class Inclusion Level 
(g/kg DM) 
Cost (£/day) Change (%) 
Dairy cow - 32 3.44  
 + 52 3.41 -0.9 
Growing cattle - 37 0.93  
 + 72 0.95 +2.1 
Finishing cattle - 39 1.06  
 + 70 1.07 +0.1 
 
Including crushed rapeseed had a neutral effect overall on costs. The inclusion rate for dairy 
cows was deemed the upper practical limit for this material. As for protected fat, any 
increases in costs will be offset by increases in the Metabolisable Energy content of the diet. 
Maize DDGS 
Livestock class Inclusion Lipid 
(g/kg DM) 
Cost (£/day) Change (%) 
Dairy cow - 32 3.44  
 + 36 3.22 -5.4 
Growing cattle - 39 0.93  
 + 39 0.89 -3.3 
Finishing cattle - 39 1.06  
 + 42 1.06 0.0 
 
For maize DDGS, the exercise emphasises the modest effect that including DDGS in the diet 
has on lipid content at the performance levels chosen (35 kg milk /day or 1.0 kg live-weight 
gain /day). The reduction in feed costs reflects the cost of maize DDGS compared to 
rapeseed meal. Increasing the performance to 1.5 kg /day, does increase inclusion of dark 
grains to give 55 g lipid /kg DM but at the expense of increasing dietary protein from 120 to 
200 g protein / kg DM which is in excess. In an experiment carried out at SRUC in which 
rapeseed meal was replaced with maize DDGS (forage was a mixture of grass and whole crop 
barley silage) an increase in lipid content from 26 to 37 g/kg DM was achieved with an 
associated increase in feed costs of 2.9% for maize DDGS at feed prices current when the 
trial was carried out.  
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Annex 4: Environmental impacts of amending rations 
 
Emissions intensity (EIF) of feed materials and their effect on ration EIF 
Method 
In order to predict the effect of changes in the diet to the EIF of the ration, the inclusion 
rates in Table 1 were assumed using the reference dairy cow diet (Annex 3) as a baseline.  
 
Table 1. Dairy cow diet: feed materials g/kg of diet DM 
Introduced material Baseline diet Adjusted diet Feed Displaced 
Nitrate† 0 20 Rapeseed meal 
Protected fat† 0 30 Rapeseed meal 
Oilseeds 0 70 Rapeseed meal 
Maize DDGS 0 200 Barley 
†Calcinit used as nitrate source and Megalac as source of protected fat 
A short review was undertaken to determine the EIF of the introduced feed materials (see 
Table 2).  
Points to note: 
• The EIF of the feed materials and rations were calculated using GLEAM, and include 
the following emission categories: direct and indirect N2O arising during crop 
production; CO2 arising from the use of fossil fuels during field work (e.g. tillage) 
and crop transport and processing; CO2 from fossil fuel use during the production 
of non-crop feed materials; CO2 from fossil fuel use during the production of 
synthetic N fertiliser; CO2 from soil carbon loss arising from land use change 
induced by soya cultivation in Latin America and oil palm cultivation in SE Asia; CO2 
from fossil fuel use during the blending and transportation of compound feed.  
• The EIF of a feed material can vary significantly depending on how it is produced 
and how the EIF is calculated (e.g. which emissions categories are included, 
method by which emissions are allocated to co-products etc.). In particular, the EIF 
of protected fat (with Megalac used here as an example) should be treated with 
caution as the EIF of palm oil (the main ingredient) can vary by more than an order 
of magnitude depending on the types of land on which it is cultivated. 
• The EIF also depends on the functional unit, i.e. whether the emissions are 
measured per unit DM, CP, lipid or energy etc. For example, feeds with a high fat 
content (such as rapeseed and Megalac) have high EIF per kg of DM but moderate 
EIF per MJ of DE. 
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Results 
The effects of introducing the feed materials on diet EIF were calculated assuming the 
inclusion rates in Table 1, and the results are presented in Table 3. When measured in terms 
of DM, only the replacement of barley with maize DDGS leads to a marked reduction (8%) in 
EIF (see Table 4). Maize DDGS and Megalac both lower the EIF per unit of DE. 
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Table 2 EIF of introduced and substituted feed materials 
  Barley 
Rapeseed 
meal1 
Rapeseed 
meal2 
Maize 
DDGS 1 
Maize 
DDGS 2 Rapeseed 1 Rapeseed 2 Nitrate Megalac Palm oil 
Digestible energy MJ/kg DM 14.8 14.7 14.7  15.1  25.0 0.0 34.8  
Digestible energy % 90.0 74.8 75.7 78.0 70.9 81.4 86.8 0.0 96.0  
CP content g/kg DM 116.9 393.8 378.0 237.5 203.0 206.3 209.0 968.8 0.0  
Lipid content g/kg DM 20.0 27.0 27.0  85.0  460.0 0.0 840.0  
Emissions intensity kgCO2e/kg DM 0.49 1.04 0.49 0.34 0.30 1.33 1.05 1.24 1.03 1.2 to 5.3 
Emissions intensity kgCO2e/MJ DE 0.03 0.07 0.03 0.02 0.02 0.05 0.04 na 0.03  
Emissions intensity kgCO2e/kg fat 24.5 38.4 18.1 4.0 3.5 2.9 2.3 na 1.2  
Emissions intensity kgCO2e/kg CP 4.2 2.6 1.3 1.4 1.5 6.4 5.0 1.3 na  
  Sources 
Digestible energy  2 2 2  2  2 10 6  
Digestible energy  1 1 2 1  1 2  6  
CP content  1 1 4 1 2 1 2 10 10  
Lipid content  2 2 2  2  2  6  
Emissions intensity  1 1 4 1 4 1 4 7 8 9 
Emissions intensity  3 3 3 3 3 3 3 3 3  
Emissions intensity  3 3 3 3 3 3 3 3 3  
Emissions intensity  3 3 3 3 3 3 3 3 3  
 
Sources: 1. GLEAM; 2. Feedipedia; 3. Calculated; 4. Feedprint; 5. Yara (2016); 6. Volac; 7. Vellinga et al. (2013, p67); 8. O'Brien et al. (2014); 9. Based on 
Carlton (2011, p23); 10. FeedByte 
Livestock Health and Greenhouse Gas Emissions 
Table 3 EIF of diets for dairy cow, including grazing 
Diet  Baseline 
diet 
Rapeseed  Maize 
DDGS  
Megalac  Nitrate 
Inclusion (g/kg DM)   70 200 30 20 
Gross energy MJ/kg DM 18.5 19.2 18.9 19.1 18.2 
Digestible energy MJ/kg DM 14.9 15.5 15.0 15.5 14.6 
Digestibility % 80% 81% 79% 81% 79% 
Emissions intensity kgCO2e/kg DM 1.10 1.12 1.01 1.10 1.10 
Emissions intensity kgCO2e/MJ DE 0.073 0.072 0.068 0.071 0.075 
 
Table 4 Change relative to baseline diet 
   Rapeseed Maize 
DDGS 
Megalac Nitrate 
Inclusion (g/kg DM)   70 200 30 20 
Gross energy MJ/kg DM  3% 2% 3% -2% 
Digestible energy MJ/kg DM  4% 0% 4% -2% 
Digestibility %  1% -2% 1% -2% 
Emissions intensity kgCO2e/kg DM  2% -8% 0% 0% 
Emissions intensity kgCO2e/MJ DE  -2% -8% -4% 2% 
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Potential non-GHG environmental impacts 
 
Table 5. Summary of impacts of changing diets 
Feed material Potential environmental impacts 
Megalac Induced land use change in SE Asia, with consequent impacts on 
biodiversity 
Rapeseed No major effects anticipated. 
Maize dark grains Increase in energy use and potentially non-renewable energy 
depletion 
Nitrate Increased impacts associated with nitrate manufacture, i.e. non-
renewable energy depletion. 
 
Protected fat (Megalac) 
Megalac is a rumen protected fat, consisting primarily of palm oil, with the addition of a calcium salt to protect the 
fat from digestion in the rumen. Depending on how it is produced, palm oil can be a high EIF feed material. 
Emissions arising from the establishment of oil palm plantations can vary greatly depending on the particular LUC, 
ranging from extremely high where they are established on cleared peatlands to moderate net sequestration when 
established on Imperata grassland (Table 6).  
Table 6. EIF of palm kernel expeller and palm oil. The palm oil EIF is calculated using the EFA and MFA values in 
Carlton (2011, p23) 
 
EIF of Palm Kernel 
Expeller 
(mass allocation 
kgCO2e/ kg DM) 
EI of palm oils 
(kgCO2e / kg DM) 
% of palm by 
plantation type 
(Carlton 2011, p8) 
Peatland forest high 18.22 20.1 15% 
Peatland forest low 9.21 10.2 15% 
Mineral soil high 1.97 2.2 13% 
Mineral soil low 1.13 1.2 13% 
Oil palm plantation 0.79 0.9 43% 
Imperata grassland -0.79 -0.9 1% 
Weighted average 4.8 5.3 
 
 
Using the oil palm production data in the Feedprint database, and the EFA and MFA values in Carlton (2011, p23), 
gives an EIF for palm oil (including transport and processing) of 1.22 kgCO2e / kg DM. This is closer to the EI for 
Megalac cited in O’Brien et al (2014), which give a value 1.03 kg CO2e / kg DM (based on the Ecoinvent and 
Feedprint databases (Vellinga et al. 2013). 
A proportion of these emissions would be offset by the reduction in enteric CH4 and the increases in milk yield and 
cow fertility arising from the inclusion of Megalac in the cow diet. Quantifying this is beyond the current study, as 
it requires better data on the impacts of Megalac on milk yield and fertility.  
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Palm oil production can induce LUC, with consequent impacts on biodiversity (Vijay 2016). However the scale of 
these impacts and the extent to which they are mitigated by sustainable sourcing and initiatives such as the Round 
Table on Sustainable Palm Oil (RSPO) requires further investigation. Note that Megalac is manufactured by Volac, 
and “Volac is a member of the Roundtable on Sustainable Palm Oil (RSPO) and our policy is to source palm oil-
based ingredients from RSPO members only.” 
Rapeseed 
HGCA (2005, p4) observed that for soil erosion “risk is generally low for winter-sown cereals and oilseeds 
compared with spring-sown and row crops, e.g. maize, potatoes and sugar beet”. They also noted that switching 
from cereal to oilseeds may impact on water quality as “oilseed rape presents a higher risk (of nitrate leaching) 
due to higher levels of residual fertiliser nitrogen left after harvest”. 
The environmental impact of switching from cereals to oilseeds will depend on the specific agronomic and 
biophysical conditions, for example timing or sowing, mode of tillage, soil type etc. If oilseeds are integrated into 
crop rotations and good agronomic practice is followed, there should be little net increase in environmental 
impacts 
Maize DDGS 
Maize DDGS (like many by-products) can be a low EIF feed. If the emissions arising during crop growing are 
allocated to the co-products of brewing/distillation on the basis of economic value, then most of the emissions will 
be allocated to ethanol, rather than the wet grains or stillage. Most of the EIF arises from the use of energy to dry 
the grains and stillage. Replacing whole grains with maize DDGS therefor reduces the EIF of the diet, and displaces 
the emissions from soil N2O to CO2 from fossil fuel combustion.  
Calcium Ammonium Nitrate (CAN) 
Increased impacts associated with CAN manufacture, i.e. non-renewable energy depletion. 
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